Application of high resolution electron microscopy (HREM) to the study o f Pt-Sn/y-Al20 3 supported catalyst, zeolites, iron catalyst for am m onia synthesis, rare-earth oxide catalysts, etc., is described. Micro-twins, dislocations and other crystallographic imperfections are observed. Moreover, the structure images o f channels representing columns of cages in several kinds of zeolites as well as radiation dam age processes in them have been recorded in situ. The observed images of zeolites were found to be in good agreement with the structure model projections and computer simulated images.
Introduction
The great m erit o f HREM is that it can elucidate structure information in real space and at the atomic level. HREM is also especially useful in evaluating structural transform ations and clarifying the nature of crystalline im perfections [1] .
In principle the HREM technique is particularly suitable for probing the microstructure of catalysts but its application, until recently, has been lim ited by two experimental difficulties. One is the high sensitivity of some catalysts (especially zeolites) to the electron beam irradiation. The other is that some extremely fine particles (supported catalysts) are rather difficult to image directly because their sizes are too small to make the necessary orientation adjustment, which is based on the symmetry o f the electron diffraction pattern. Such an adjustm ent is quite difficult if not impossible. Moreover, the scattering in the support may also destroy the phase contrast of the specimen under exam ination. How ever, techniques have now been developed which, in favourable circumstances, have m ade possible the direct lattice imaging of the catalysts at sub nanometer or even atom ic level [2 -7 ] , The present paper describes the prelim inary results of HERM observations m ade on Pt-Sn bimetallic catalyst, zeolites, iron catalyst for Reprint requests to Dr. G. W. Qiao, presently Fritz-H aberInstitut der Max-Planck-Gesellschaft, Faradayw eg 4 -6 , D-1000 Berlin 33.
amm onia synthesis and rare-earth oxide catalysts in our HREM laboratories during last two years.
Experimental Methods
Specimens of industrial catalysts (Pt-Sn bimetallic fine particles [8, 9] , zeolites [10, 11] , rare-earth oxides [12] , iron catalysts [13] , etc.) for HREM examination were m ade by the following methods: (1) The industrial catalysts were ground in an agate m ortar and dispersed in methanol. Thin fragments were then collected on a carbon film (specially made, extremely thin) supported on a copper grid. (2) The supported small particles (Pt-Sn/y-Al20 3) were treated with HF acid, the y-alumina support was dissolved and the remained metal particles were dispersed on freshly cleaved rock salt surfaces and then extracted with extremely thin, vacuum deposited carbon foils. (3) The catalysts were im bedded in methyl methacrylate and butyl m eth acrylate (1:1) at 4 5 -6 0 °C for 24 hrs and the probes were then sliced into thin foils of a thickness of about 5 -1 0 n m by chance in the edge parts, using an ultra-microtome. The foils were then supported directly on copper grids. Since untreated zeolite catalysts are very beam sensitive, the specimens were put into a vacuum evaporator at 10-5 Torr for several days before EM observation in order to remove moisture and to improve the stability under the electron beam irradiation [14] , 0340-4811 / 86 / 0300-0478 $ 01.30/0. -Please order a reprint rather than making your own copy. It is advantageous to use an image intensifier for image recording at a rather weak illum ination and a low dose of electron irradiation. Furtherm ore, con tinuous observation of phase transform ation as well as radiation dam age processes can be recorded directly. The HREM observations were carried out at 200 kV using a JEM-200 CX electron microscope equipped with a high resolution top entry gonio meter stage. Mainly, the structure images were recorded at a m agnification of 5 .3 -8 .5 x 105 times using an objective aperture corresponding to a radius of 0.55 A-1 in the diffraction pattern.
Computer simulated images of the zeolites were calculated by using the multi-slice method with a programme written by Ishizuka [15] . The parameters used were as follows: spherical aberration coeffi cient: 1.2 mm; focus spread due to chromatic aberration: 3 n m ; incident beam convergence: 0.4m rad; num ber of diffracted beams included in the dynamic diffraction calculation: 964; value of defocus: -60 nm. 
Results and Discussions

Pt-Sn/y-Al20-i Small Particles [16]
The supported metal catalyst used was in a highly dispersed state and was found consisting of very fine particles ( l -2 0 n m in size). HREM observations have revealed that the fine Pt-Sn particles are microcrystallites. Some o f them have regular shapes, such as hexagons and pentagons (Fig. 1) , in which one-or two-dimensional lattice fringes can clearly be seen. SAED patterns showed that the fine particles with low Sn content are the solid solution of Sn in Pt m atrix with a f.c.c. structure; when the Sn content is high, however, small particles o f /?-Sn with a b.c.t. structure have been observed. All of them were also confirmed by the high resolution lattice imaging. Figure 2 shows that the particle is polycrystalline with clear two-dimensional lattice fringes. This is consistent with the [100] atom projection of platinum in the region Pt (the nearest atom spacing is about 0.2 nm) while that in the region Sn agrees with the [001] atom projection o f ß-tin (the nearest atom spacing is about 0.3 nm). Meanwhile, a dislocation in region D can also be observed. Although the particle is as small as several nanom eters in size, dislocations may still exist. In addition, microtwins do exist in such small particles in which, sim ilar to well grown crystals, the {111} twinning plane and the mirror symmetry relationship o f lattice planes can be seen (Figure 3) . Moreover, some m ultiple twin particles have also been found.
Zeolites [ 16]
The channel structures of ZSM-5, Na-Y, USY, Pd-Y, HY and RE-Y zeolites have been examined by means o f HREM. Figure 4 shows the channel structure image of an industrial ZSM-5 zeolite, which is in good agreement with the structure projection along the [010] direction shown as an inset. Channel structure images have also been observed in Na-Y zeolite ( Figure 5 ). The lower right inset is the atom ic projection along the [110] direc tion of the structure model, and the lower left one is the com puter sim ulated image along the [110] pro jection with Scherzer defocus of -60 nm. All of them are in good agreement with each other. Twins were observed in Na-Y zeolite and some other cation exchanged Y zeolites. Figure 6 shows the twinning structure with an inset of the correspond ing SAED pattern in Pd-Y zeolite. Both coherent and incoherent twin boundaries can be seen. This kind of incoherent twin boundary has also been observed in RE-Y and HY zeolites. It seems that incoherent twin boundaries are apt to occur when Na is substituted by other cations, such as Pd, rareearth element, etc. R adiation dam age in the zeolites is common and the processes have been recorded by a video system. At the beginning, only a few image spots disappeared, then they gradually grew as separated islands and finally merged, the whole field being amorphous. M oreover, if the exchanged cations are in excess, they may form separated clusters as seen in Pd-Y zeolite with excessive Pd atoms ( Figure 7 ). [17] The pellet shape A 6 type iron catalyst promoted with K 20 -C a 0 -A l 20 3 was observed in the asreduced state by means of HREM. The pores are clearly visible with sizes of 5 -1 0 0 n m . The hydro gen and nitrogen molecules have to diffuse in and ammonia out through the pores. SAED studies revealed that the interior of the catalyst consists of pure a-iron particle and there were no indications of alloying. HREM observations showed that the airon particles reduced from magnetite by hydrogen are about 2 -3 0 nm in size; two-dimensional lattice images of a-Fe in [100] and [111] orientations have been observed (Figure 8 ). These small particles may provide the active sites for the chemisorption of nitrogen. Moreover, the surrounding matrix support of a-F e 20 3 was identified by the SAED patterns and also by high resolution direct imaging. [ 18] Rare-earth oxides L a C o 0 3, C e C o 0 3, P rC o 0 3 and S rC o 0 3 with catalytical ability were studied by HREM. X-ray and electron diffraction studies showed that they all have the perovskite structure. HREM observations indicated that there are a great num ber of crystalline imperfections in the rare-earth oxide catalysts. Figure 9 shows some micro-domains (M), micro-twins (T) and disloca tions (D) observed in L a C o 0 3. Figure 10 shows some planar faults in P rC o 0 3. The planar faults have also been frequently found in other kinds of REoxides. No obvious differences were found among the different kinds o f rare-earth elements in their effects on the structure and imperfections. It seems that samples with higher activities have more im perfections.
Iron Catalyst fo r Ammonia Synthesis
Rare-Earth Oxide Catalysts
Conclusions
The Pt-Sn bim etallic catalyst particles are crys talline in nature and micro-twins occur frequently. Sometimes, even dislocations can be found in such minute crystals. W hen the Sn content is high, Sn crystals occur together with Pt crystals in juxta position.
The tunnels and cages in zeolites can cearly be resolved by means of HREM. Twins have been identified and radiation damage has been followed during the observation.
Small particles of pure a-Fe have been found in the interior of the as-reduced promoted iron catalyst for ammonia synthesis.
Micro-domains, micro-twins and dislocations as well as some planar faults have been observed in the RE-oxide catalysts. No noticeable differences have been found among the different rare-earth elements in the influences on the structure faults.
